Performing patch-clamp experiments on human macrophages, we show that the K ؉ channel MaxiK is activated by lipopolysaccharide, peptidoglycan, and interleukin-1. Cytokine production initiated by several Toll-like receptor (TLR) ligands and by interleukin-1 is inhibited by MaxiK blockade. This provides evidence for functional association of the MaxiK channel and TLR signaling complexes.
Performing patch-clamp experiments on human macrophages, we show that the K ؉ channel MaxiK is activated by lipopolysaccharide, peptidoglycan, and interleukin-1. Cytokine production initiated by several Toll-like receptor (TLR) ligands and by interleukin-1 is inhibited by MaxiK blockade. This provides evidence for functional association of the MaxiK channel and TLR signaling complexes.
Lipopolysaccharide (LPS) from gram-negative bacteria is the most potent bacterial stimulus and a critical virulence factor in gram-negative sepsis (4) . Essential for LPS-initiated transmembrane signaling and macrophage activation are the transport of LPS to and its interaction with the Toll-like receptor 4 (TLR4)-MD2 complex (1, 5, 8, 10, 12) . For other bacterial virulence factors such as peptidoglycan (PG), lipopeptide (LP), and lipoteichoic acid (LTA) from gram-positive bacteria, TLR2 has been shown to be required in transmembrane signaling (13) . Macrophage activation can also be initiated by the cytokine interleukin-1 (IL-1). In this case, transmembrane signaling is mediated by the IL-1 receptor, which exhibits a cytoplasmic domain highly homologous to that of TLRs. TLRs and the IL-1 receptor trigger basically the same intracellular core signaling cascade, finally leading to NF-B translocation and the production and release of inflammatory cytokines (2) . Investigations into the cellular distribution of components of the LPS receptor complex have shown that TLR4/MD2, CD14, and a variety of other proteins associate with each other and form complex receptor clusters. Also, the IL-1 receptor associates several subunits into an active receptor complex. However, until now no indication of a common use of membrane-associated accessory proteins by these receptors has been found. We have shown that the large-conductance calcium-and voltage-activated potassium channel MaxiK (BK channel) is involved in the activation of human macrophages by LPS (3, 11) . However, the specificity and mechanism of the activation of this ion channel and its precise role in the generation of proinflammatory signals are not yet fully understood.
In order to investigate possible interactions of MaxiK and TLR/IL-1-receptor in macrophage activation by different virulence factors and IL-1, we performed electrophysiological measurements on human macrophages. In excised outside-out patches from the macrophage cytoplasmic membrane prepared as described in reference 3, the application of either LPS from Salmonella enterica serovar Minnesota strain R595 (extracted according to the phenol-chloroform/petrol ether procedure [6] ), soluble PG (isolated from penicillin-treated Staphylococcus aureus as described elsewhere [9] ), or recombinant human IL-1 (R&D Systems) to the extracellular face of the patch led to a strong increase in channel activity as demonstrated by the increase in the open probability (determined according to the method of Glasbey and Martin [6a] ) of MaxiK compared to untreated controls ( Fig. 1A to C). Single-channel conductance, however, was not affected by LPS, PG, or IL-1. Channel activation by IL-1 could be suppressed by adding an IL-1 receptor antagonist (ra IL-1; 400 ng/ml; R&D Systems) to the bathing solution (data not shown), proving that channel activation is induced by the interaction of the cytokine with its receptor.
Channel activation by ligands of the TLR/IL-1 receptor family can be observed in excised membrane patches, implying that channel activation is mediated by membrane-associated structures of the signaling machinery. Independently of the mechanism leading to the activation of MaxiK, we can conclude that its activation is an initial event involved in cell activation.
To show the requirement for MaxiK in the process of cytokine release upon macrophage activation, we employed pharmacological channel blockade. Macrophages differentiated from human peripheral blood mononuclear cells were stimulated for 4 h with LPS, PG, the synthetic LP Pam 3 CSK 4 , or LTA isolated from penicillin-treated Staphylococcus aureus as described elsewhere (7) in the absence or presence of the MaxiK-specific blocker paxilline (Alomone Labs) or the nonspecific K ϩ channel blocker tetraethylammonium (TEA) (Sigma). For all stimuli, the release of tumor necrosis factor alpha (TNF-␣) was inhibited in the presence of paxilline or TEA (Fig. 2) . The inhibitory effects of the blockers did not affect the integrity of the cells, as checked by trypan blue exclusion. As was the case for the bacterial virulence factors, the application of paxilline or TEA-and of the IL-1 receptor antagonist (data not shown)-also inhibited IL-1-induced cytokine release from macrophages (Fig. 2) . In contrast, when cells were stimulated with TNF-␣, paxilline did not inhibit the release of cytokines (data not shown), indicating that the inhibitory effect of paxilline does not interfere with TNF receptor-linked signaling pathways. Our results allow us to conclude that activation of MaxiK in human macrophages represents a general principle in transmembrane signaling initiated by members of the TLR and IL-1 receptor family. The dramatic inhibitory effect of MaxiK channel blockade on release of TNF-␣ from macrophages stimulated by various stimuli shows the involvement of the functional MaxiK channel in cell activation. Since channel activation is induced by ligands of different TLRs and the IL-1 receptor, it is reasonable to propose that the intracellular signaling domain, referred to as the Toll/interleukin-1 receptor (TIR) domain, is the common starting point for MaxiK activation.
Activation of MaxiK by TLRs and IL-1 receptor ligands implies a physical association of the ion channel with the respective receptor complex. This would require a spatial proximity of the proteins. We established a HEK293 cell line stably expressing human TLR4 and MD2 protein as well as the poreforming alpha subunit of MaxiK as a green fluorescent protein (GFP) fusion protein. The clones derived responded to stimulation with LPS, and patch-clamp experiments demonstrated that the MaxiK-GFP fusion protein showed characteristics similar to those of MaxiK in primary macrophages and could be activated by stimulation with LPS (data not shown). We investigated the distribution of receptor proteins by confocal microscopy with an inverted LSM510 META microscope (Carl Zeiss, Jena, Germany). Briefly, HEK293-TLR4/MD2-MaxiK GFP cells were cultured on microchamber culture slides and stained with an anti-TLR4 antibody (HTA125; Imgenex) and an Alexa 647-conjugated goat anti-mouse secondary antibody (Molecular Probes, Oregon). For stimulation experiments, tracks were scanned sequentially every minute before and after stimulation of cells, and confocal images were analyzed using LSM Image Browser software, version 3.2 (Carl Zeiss). In unstimulated cells, MaxiK and TLR4 appear to localize in different membrane compartments (Fig. 3, left) . In contrast, after stimulation with LPS, distinct patches where MaxiK and TLR4 signal colocalized could be observed on the cell membranes of the same cells (Fig. 3, right) . Our data indicate that cell stimulation by LPS induces translocation of MaxiK and TLR4 to similar cellular compartments. Whether this colocalization is accompa- nied by formation of a complex will have to be elucidated in further investigations.
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